Introduction
White light generation through GaN-based light emitting diodes (LEDs) has a number of advantages over the existing incandescent and halogen lamps in power efficiency, reli-ability, and long lifetime [1, 2] . So, they are widely utilized in many applications such as automotive displays and traffic signals [3, 4] . The light-conversion phosphors for solidstate lighting have attracted much attention in recent years [5] .
As [14] , sol-gel [15] , co-precipitation [16] , spray pyrolysis [17] , and the combustion synthesis method [10] have been applied to prepare LED. The conventional solid-state reaction for preparing LEDs requires a high calcining temperature, which induces sintering and aggregation of particles. For sol-gel or co-precipitation techniques, processing routines to prepare the precursor powders are complicated and the duration is long. The combustion method to synthesize the phosphors, however, can produce a homogenous product in a short time without the use of expensive high-temperature furnaces. This synthesis technique makes use of the heat energy liberated by the redox exothermic reaction at relative low igniting temperature between metal nitrates and urea or other fuels [18] . Furthermore, the process is very simple and energy efficient.
The mechanism of the combustion reaction is quite complicated. The parameters that influence the reaction include type of fuel, fuel to oxidizer ratio, use of excess oxidizer, and ignition temperature [19] . In this work, the combustion synthesis was applied to prepare the Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B 3+ using urea as a fuel and boric acid as a flux agent. The influence of the amount of urea, the molar ratio of boric acid flux to calcium nitrate, and the initiating temperature on the luminescent properties of the 
The mixture of reagents with stoichiometry was dissolved into a certain amount of de-ionized water to obtain a homogeneous solution and then stirred at 80
• C for 5 hours.
After completely stirring, the mixture solutions were introduced into a muffle furnace maintained at various temperatures from 400 • C to 800 • C. Initially, the solutions boiled and underwent dehydration, followed by decomposition with the escape of large amounts of gases (oxides of carbon, nitrogen and ammonia). Then, spontaneous ignition occurred and underwent smouldering combustion with enormous swelling. The whole process is over in less than 5 minutes. After the combustion ashes were cooled to room temperature, we milled them slightly to obtain the phosphor powder of Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B 3+ .
Sample characterization
The phase of the resulting powders was checked by X-ray powder diffraction (XRD) with a Burker D8 Diffractometer using Cu Kα radiation (1.5406Å) at 40 kV and 40 mA. The XRD patterns were collected in the range of 15
• . The morphology and dimension of the product were observed by transmission electron microscope (TEM), taken on a Tecnai G20 (FEI Corporation of Holland) transmission electron microscope using an accelerating voltage of 200 kV. The emission spectra were analyzed using a Perkin-Elmer LS-55 (Perkin-Elmer Corporation of USA) luminescence spectrophotometer equipped with a xenon discharge lamp as an excitation source. The excitation and emission slits were set for 5.0 nm. All the luminescence properties of the phosphors were studied at room temperature.
Results and discussion
3.1 Influence of the amount of urea The stoichiometric composition of the redox mixture was calculated based on the total oxidizing and reducing valency of the oxidizer and the fuel. This also serves as a numerical coefficient for the stoichiometric balance, so that the equivalence ratio is equal to unity (total oxidizing valency/total reducing valency (O/F ) = 1), and the maximum energy is released [20] . For the combustion synthesis of oxides, metal nitrates are employed as oxidizer and urea is employed as a reducer. Theoretical equation assuming complete combustion may be written for phosphors Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 using urea as fuel as follows:
In order to release the maximum energy for the reaction, the reactants should be combined in a molar proportion of 2:1:4:1 of LiNO 3 :Ca(NO 3 ) 2 :NH 2 CONH 2 :Si(OH) 4 . However, the real process is actually somewhat more complex, producing varying amounts of gases. It is difficult to determine a reaction equation; the equation above can only describe an ideal process. Fig. 1 shows photoluminescence spectra of samples with different ratios of urea at an initiating combustion temperature 600
• C. The insert displays the emission intensity of a sample obtained from the ratio of a theoretical quantity equal to 2. Seven ratios (1, 1.5, 2, 2.5, 3, 4, and 5) of a theoretical quantity of NH 2 CONH 2 were used to determine the influence of urea on the luminescence properties of the phosphors obtained from the mixtures containing the same amount boric acid at an initiating combustion temperature 600 • C. Obviously, when the concentration of the urea is too low, the reactive temperature will lower, which will lead to the incomplete reaction of raw materials. The optimum ratio of reactants can make the combustion reaction more complete and benefit the formation of crystalline particles. The minor amount of H 3 BO 3 was introduced as flux in the experiment, since it was proved to be effective in stimulating host-lattice formation and grain growth in some studies [21] [22] [23] [24] . The molar ratio of boric acid to calcium nitrate was varied from 0 to 0.12. The effect of boric acid on the crystal structure of phosphor particles prepared by the combustion method at an initiating temperature of 600
Influence of the boric acid
• C is shown in Fig. 2 . The phosphor powders showed that all the peaks were due to the Li 2 CaSiO 4 phase, and no other crystalline phase could be detected when the amount of boric acid was from 0 to 0.06 molar ratios. The doped B 3+ has little influence on host structure. The XRD pattern of the sample, however, shows much sharper peaks due to coarsening of the particles at higher H 3 BO 3 . When the molar ratio of boric acid is at 0.10, a mixture of Ca(BO 2 ) 2 and Li 2 CaSiO 4 is obtained. • C with boric acid. The molar ratio of boric acid to calcium nitrate was varied from 0.02 to 0.12. All of the samples show the emission peak at the same position, centered at 480 nm. With the boric acid doping at 6 mol %, the highest intensity was about 180% higher than that of the Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B 3+ .
Influence of the initiating temperature
The XRD patterns of the phosphor sample Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B 3+ . is shown in Fig. 4 . The results indicate that the diffraction peak positions and the relative intensi-ties of the prepared samples are well matched with the standard powder diffraction file (Contrast JCPDS date file NO. 27 − 0290), and the codoped Eu 2+ and B 3+ have little influence on the host structure. Li 2 CaSiO 4 has body-centered tetragonal unit cells with dimensions a = 5.047 ± 0.005, c = 6.486 ± 0.006Å, and space group [13] . In its crystal structure, the Ca atom occupies the 8-coordinated distorted dodecahedral site [19] . Phase-pure crystalline Li 2 CaSiO 4 can be obtained at 600
• C, a much lower temperature than a conventional solid-state reaction, to form phase-pure Li 2 CaSiO 4 using Li 2 CO 3 and SiO 2 as raw materials. The observed diffraction peaks became sharper and stronger with increasing initiating temperature, which indicates that the crystallinity of Li 2 CaSiO 4 powders increases. • C (Fig. 5a ), 700
• C (Fig. 5b) , and 800
• C (Fig. 5c) . The electron micrographs reflect the basic particle morphology, where the smallest particle could be identified with the crystals and/or their aggregates. The particle sizes increase because of a higher temperature, which is significant for promoting the growth of Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B
3+
particles and leads to excessive sintering and aggregation of particles. phor particles prepared at 400
• C had low photoluminescence intensity because of poor crystallinity. A higher reaction temperature caused a more complete reaction and enhanced sintering of the products. It is obvious that the emission and excitation intensity increased with the increase of initiating temperature, due to the improvement of crystallinity. However, the spectrum intensity has not significantly changed with the increase of the initiating combustion temperature. It may be due to excessive sintering and aggregation of particles, which agrees with the result supplied by TEM observation (Fig. 5 ).
Luminescence properties
The photoluminescence spectra of Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B
3+
0.06 is shown in Fig. 7 . The excitation spectrum ranging from 240 to 475 nm is composed of several bands, which are due to the transition of Eu 2+ ions from the parity-allowed 4f 7 ( 8 S 7/2 ) ground state to the excited state 4f 6 5d 1 . The sub-band with a peak at 287 nm is due to the transition from the ground 8 S 7/2 to the eg (4f 5 5d 1 ) state. Others at around 380, 400, 425, and 456 nm are attributed to the t 2g (4f 5d) state [5, 25] . The structure of the excitation spectrum is assigned to the crystal field splitting of the 5d levels of Eu 2+ ions. The excited 5d levels are not shielded from the ligand field, giving rise to a marked splitting of the excited levels [13] . The symmetry of the anion coordination polyhedron around the emission centers determines the number of the splitting level [26] . In the crystal structure of Li 2 CaSiO 4 , the Ca atom occupies the 8-coordinated distorted dodecahedral site [19] . Since the codopant Eu 2+ ions are substituted for the Ca 2+ sites and are exposed to a strong crystal field, the excitation band of Eu 2+ extends into the visible region.
With different excitation wavelengths of 287, 380, and 451 nm, the emission spectra are similar, consistent with the fact that there is only one kind of Ca site in the host material 
Conclusions
Li 2 (Ca 0.99 , Eu 0.01 ) SiO 4 : B 3+ powder phosphors have been synthesized using a simple combustion method at 600
• C. The process involves a low-temperature, self-propagating ignition route, which is safe, simple, and rapid for the production of fine powder. The experimental results showed that the optimal ratio of urea is 2.5 times higher than theoretical quantities, and the phosphor of good emission intensity with a peak at 480 nm can be obtained when the H 
